BACKGROUND: Robertsonian translocation t(13;14) is one of the most common structural reorganization in humans, but meiotic segregation studies in these carriers are still limited. The segregation pattern of the chromosomes involved, the possible in¯uence of the translocated chromosomes on the synapsis and disjunction of other chromosome pairs [interchromosomal effects (ICE)] and the rates of unbalanced spermatozoa produced still deserve attention, not only to obtain a better characterization of the meiotic behaviour of this reorganization, but also to offer carrier couples accurate genetic counselling. METHODS: Multicolour¯uorescence in-situ hybridization was used to analyse the segregation of chromosomes 13 and 14 and the possible occurrence of ICE (on chromosomes 18, 21, 22, X and Y) in seven male carriers of a t(13;14)(q10;q10). RESULTS AND CONCLUSIONS: The individuals analysed showed a homogeneous segregation pattern, with a clear predominance of alternate segregations resulting in the production of normal/balanced spermatozoa (83±88.23%). A signi®cant increase in the disomy rates for the sex chromosomes, which could be considered as a positive ICE, was observed in two of the carriers analysed.
Introduction
Constitutional chromosome abnormalities in humans are known to be directly related to human male infertility . Structural chromosome rearrangements account for~21% of all chromosome abnormalities (De Braekeleer and Dao, 1991; Pandiyan et al., 1996) , and Robertsonian translocations are one of the more common structural reorganizations, with an incidence of 1.23/1000 newborns (Nielsen and Wohlert, 1991) , of which~50% are de novo (Shaffer et al., 1992) . Among them, the most frequently seen in the general population is t(13;14), with an incidence of 0.97/1000 newborn carriers (Nielsen and Wohlert, 1991) , reaching frequencies up to nine times higher in infertile males (De Braekeleer and Dao, 1991) .
The cause of the infertility in these individuals has been directly related to the meiotic process. In Robertsonian translocations, pairing of the reorganized chromosomes during prophase I gives rise to a trivalent structure (Vidal et al., 1982; Luciani et al., 1984) . It is well known that this meiotic con®guration tends to segregate in an alternate way (Sybenga, 1975) , resulting in the production of normal or balanced spermatozoa. However, a certain percentage of unbalanced spermatozoa deriving from adjacent segregations are also produced, and could be responsible for the miscarriages or the severely affected aneuploid offspring frequently born to these carriers . Furthermore, the meiotic disturbances (synaptic anomalies) resulting from the behaviour of the reorganized chromosomes and of other bivalents could lead to different degrees of meiotic arrest, resulting in the oligozoospermia or azoospermia frequently observed in these patients.
Since cytogenetic studies of spermatozoa became possible, several groups have tried to analyse the meiotic behaviour of speci®c reorganizations and to evaluate the ®nal production of balanced or unbalanced sperm, in order to offer patients accurate reproductive advice. Studies of the segregation products in Robertsonian (13;14) translocation carriers have been carried out since the early 1980s (Table I) . The ®rst studies used the human±hamster interspeci®c fertilization system (Pellestor et al., 1987; Martin, 1988) , while Owaga et al. (2000) microinjected mouse oocytes with human sperm. In these three cases, the number of metaphases studied was considered low to reach a de®nitive conclusion (78, 117 and 45, respectively) . More recently, using¯uorescence in-situ hybridization (FISH), Escudero et al. (2000) , Frydman et al. (2001) and Morel et al. (2001) found a percentage of normal or balanced spermatozoa ranging from 73.6% to 91% (Table I) in eight carriers studied.
On the other hand, the possible occurrence of interchromosomal effects (ICE), affecting the normal disjunction of other chromosome pairs not involved in any reorganization, has been a classical topic of discussion since it was suggested by Lejeune (1963) . Several studies, including a wide spectrum of chromosome reorganizations, have been carried out to assess ICE by FISHing decondensed sperm nuclei in inversion carriers (Colls et al., 1997; Blanco et al., 2000; Pellestor et al., 2001; Anton et al., 2002) , reciprocal translocations carriers (Van Hummelen et al., 1997; Blanco et al., 1998b; Martini et al., 1998; Cifuentes et al., 1999; Honda et al., 1999; Estop et al., 2000; Vegetti et al., 2000; Pellestor et al., 2001; Oliver-Bonet et al., 2002) , and Robertsonian translocations (Rousseaux et al., 1995; Blanco et al., 2000; Morel et al., 2001; Vegetti et al., 2000; Baccetti et al., 2002) . Results supporting or rejecting ICE have been obtained, and arguments about the behaviour of each particular reorganization or even about interindividual differences reported.
Although the information obtained by collecting data from this diversity of chromosomal reorganizations is of interest, the selection of a representative number of each reorganization and the performance of the study in a single laboratory should allow one to reach more solid and homogeneous conclusions regarding the speci®c segregation behaviour of each structural reorganization and any possible ICE.
In this study, we used multicolour FISH on decondensed sperm nuclei to analyse the segregation of a t(13;14)(q10;q10) in seven male carriers, as well as the possible occurrence of ICE on chromosomes 18, 21, 22, X and Y.
Materials and methods

Patients
Seven unrelated males, carriers of the Robertsonian translocation 45,XY,der(13;14)(q10;q10), consulting for infertility were studied. The patients' age range was 30±37 years. In all cases abnormal seminal parameters were observed (World Health Organization, 1999) ( Table II) . The patients gave their written informed consent to participate in the study, and the protocol used was approved by our institutional ethics committee.
Semen sample processing Sperm samples were ®xed in methanol:acetic acid (3:1) and spread on a slide. Sperm nuclei were decondensed by slide incubation in 5 mmol/l dithiothreitol, as previously detailed by Vidal et al. (1993) .
FISH
A dual-colour FISH was used to determine the meiotic segregation of the chromosomes involved in the reorganization. A locus-speci®c probe for the 13q14 region (LSI 13, RB1, Spectrum Green; Vysis Inc., Downers Grove, IL, USA) plus a subtelomeric probe speci®c for the 14q region (TelVysion 14q, Spectrum Orange; Vysis Inc.) were used to identify all genotypes resulting from the different segregation modes.
In all patients, the occurrence of ICE for chromosomes 18, 21, 22 and for the sex chromosomes was also evaluated. Chromosomes 21 and 22 were assessed by dual-colour FISH using locus-speci®c probes for both chromosomes (LSI 21, 21q22.13-q22.2, Spectrum Orange/ LSI 22, bcr, 22q11.2, Spectrum Green; Vysis Inc.) and a triple-colour FISH approach was used to analyse chromosomes 18, X and Y (CEP18, D18Z1, Spectrum Aqua/CEPX, DXZ1, Spectrum Green/ CEPY, DYZ3, Spectrum Orange; Vysis Inc.).
The protocol for probes and sample denaturation, incubation and detection was as standardized in our laboratory in accordance to manufacturer's instructions (Vysis Inc.), and sperm nuclei were counterstained with DAPI II solution (Vysis Inc.).
Analyses were carried out using an Olympus BX60 epi¯uorescence microscope equipped with ®lter sets for FITC, Texas Red, Aqua and DAPI/Texas Red/FITC. Previously described standard assessment criteria were followed for evaluation of the sperm nuclei (Blanco et al., 1996) .
Data analysis
Control data for chromosomes 18, 21, 22, X and Y were derived from previously published results from our group (Blanco et al., 1997; 1998a; Soares et al., 2001) . Furthermore, data resulting from the analysis of sperm samples from ®ve normozoospermic men (World Health Organization, 1999) with an age range of 21±25 years, integrated in the control population of our laboratory, were used to assess the ef®ciency of the probes for the 13q14 region and for the 14q subtelomeric region. Data obtained were analysed statistically using SigmaStat 2.0 (SPSS Inc., Chicago, IL, USA) under the advice of the statistical service of the Universitat Auto Ánoma de Barcelona. Differences were considered to be statistically signi®cant when P < 0.05.
Results
Hybridization ef®ciency in sperm nuclei for the probes used in the evaluation of segregation was determined from data obtained from the ®ve normozoospermic control donors. Percentages ranging from 97.99 to 99.44% corresponded to spermatozoa with one signal for each probe used (mean 98.66%) ( Figure 1A) . Disomy values for chromosome 13 ranged from 0 to 0.19% (mean 0.09%) and for chromosome 14 from 0 to 0.49% (mean 0.13%) ( Figure 1B ). The nullisomy rates for chromosome 13 ranged from 0.1 to 1.45% (mean 0.57%) ( Figure 1C ) and for chromosome 14 from 0 to 0.24% (mean 0.29%). A small percentage of diploid spermatozoa were also found with a mean average of 0.27%. The hybridization ef®ciency value obtained using a conservative approach (Blanco et al., 1996) was 99.35%.
In Robertsonian translocation carriers, segregation analysis was ascertained in a total of 14 450 spermatozoa, ranging from 774 to 6128 cells evaluated per patient. Detailed FISH results are given in Table III. In these patients, most spermatozoa resulted from a 2:1 alternate meiotic segregation, and the percentage of normal or balanced spermatozoa ranged from 83 to 88.23%. The proportion of unbalanced spermatozoa resulting from adjacent segregations accounted for 11.11 to 14.53% of the cells analysed. Taken as a group, all cases studied showed that the percentage rate of nullisomies for chromosomes 13 and 14 were statistically higher than the respective complementary disomies resulting from the adjacent segregation process (P < 0.001) (Table III) . Individually, this difference was signi®cant (P < 0.05) for chromosome 13 in patients 4, 5 and 6, and for chromosome 14 in patients 3 and 4 (Table III) . No statistically signi®cant differences (P > 0.05) were observed when comparing the percentages of disomies for chromosome 13 (2.46%) and for chromosome 14 (2.01%). The methodological approach used did not allow to differentiate between 3:0 segregations and diploid spermatozoa (both cases show two hybridization signals for the probes used). Unbalanced spermatozoa bearing this combination of signals accounted for 0± 0.44% of the cells analysed. Spermatozoa with an unexpected combination of signals according to the theoretical segregations were classi®ed as`other', and corresponded to 0.52% of the total (range 0.08±2.27%) (Table III) . A total of 24 993 spermatozoa were analysed to evaluate the occurrence of ICE. Table IV shows the results from the evaluation of chromosomes 21 and 22, and Table V shows those for chromosomes 18, X and Y. No statistical differences were noted in the aneuploidy rates of chromosomes 18, 21 and 22 compared with controls (P > 0.05) 1998a; Soares et al., 2001) . Sex chromosome disomies were statistically higher in patients 3 and 6 (0.94 and 1.34%, respectively; P < 0.001) than in controls (0.37%) . The global results of the group studied re¯ected a signi®cant increase (0.68%; P < 0.001) in the frequency of sex chromosome aneuploidies versus controls .
FISH data from ICE studies were also used to evaluate the diploidy frequency. No statistical differences versus controls were noted (P > 0.05) . Furthermore, percentages of diploid sperm determined through the ICE study were equivalent (P > 0.05) to the percentage of spermatozoa scored as 3:0 or 2n (diploid) in the segregation analysis.
Discussion
Despite the high incidence of Robertsonian translocation 13;14 in humans, FISH on decondensed sperm nuclei has previously been carried out in only a low number of patients, and in different laboratories (Table I) ; therefore, data about the meiotic segregation and rates of unbalanced spermatozoa produced are not totally homogeneous and are still limited. To our knowledge this is the ®rst study in which seven male carriers of the Robertsonian translocation t(13;14)(q10;q10) have been analysed, representing the largest population of patients studied so far in the same laboratory.
The general results obtained in this work with a predominance of normal/balanced spermatozoa are in good agreement with previously reported studies (Table I) , and also with the well-known con®guration preferentially adopted by the reorganized chromosomes in metaphase I favouring an alternate segregation (Sybenga, 1975) .
Our data support the existence of a similar meiotic behaviour of the reorganized chromosomes in the seven males analysed, re¯ected in the small range of spermatozoa resulting from an alternate segregation (83±88.23%) and spermatozoa deriving from adjacent segregations (11.11±14.53%). The wider range (73.6±91%) reported from other laboratories analysing the same reorganization (Escudero et al., 2000; Frydman et al., 2001; Morel et al., 2001 ) is probably related to technical aspects, such as the characteristics and the combination of the probes used (locus-speci®c, subtelomeric or whole-chromosome paints) and/or the particular scoring criteria established according the protocols used, rather than to inter-individual differences.
The expected 1:1 proportion in the percentage of disomic versus their complementary nullisomic spermatozoa deriving from adjacent segregations was not observed, and was even statistically different in patients 3, 4, 5 and 6. This discrepancy, also noted by other authors (Frydman et al., 2001; Morel et al., 2001; Honda et al., 1999) , could be related to different and not mutually exclusive causes.
(i) First of all, the unavoidable limitations of the FISH technique itself. Certainly, hybridization failures scored as nullisomies could probably be responsible for the observed unexpected combination of signals classi®ed as`others' (Table III) . However, one would expect hybridization failures to randomly affect all combinations of signals evaluated and, taking into consideration that the combination of probes used had a hybridization ef®ciency of 99.36%, a total of only 0.64% of sperm coming from all groups would be affected by this fact.
Thus, it would not be accurate to attribute the discrepancies between the number of disomic versus their complementary nullisomic spermatozoa exclusively to hybridization failures.
(ii) The possible intervention of meiotic checkpoints should therefore also be considered. As is well known, any factor that delays anaphase (erratic chromosomes, lack of tension, etc.) may produce an arrest of the division cycle leading the cell into apoptosis, as described in male mice carriers of Robertsonian translocation (Eaker et al., 2001) . This fact could explain the oligozoospermia present in most carriers of chromosome reorganizations. However, if the cell is capable of completing the division process, the result may be the production of aneuploid or diploid spermatozoa. In these situations, as suggested by Honda et al. (1999) , cell maturation arrest would be specially stronger against disomic cells, thus resulting in the observed increased proportion of nullisomies versus disomies.
As expected, and taking into consideration the similar size of the chromosomes involved in the reorganization and the theoretical number and location of chiasmata (Laurie and Hulte Ân, 1985) , no statistically signi®cant differences were expected in the frequency of disomies for the chromosomes implicated in the reorganization.
As deduced from the data, spermatozoa classi®ed as resulting from 3:0 segregations or as diploid in the segregation analysis must be considered to be 2n, thus con®rming that 3:0 segregation rarely occurs, or results in a selective elimination as suggested by our data in Table III. In the ICE evaluation, the data obtained did not provide any evidence of an ICE for chromosomes 18, 21 or 22. It is well known that some individuals with oligoasthenozoospermia or oligoasthenoteratozoospermia show an increased incidence of sex chromosome disomies. In fact, all seven patients had oligozoospermia, but only patients 3 and 6 showed this effect. It should be noted that in the case of patient 6, the incidence of sex chromosome disomies was higher than that expected in our oligoasthenoteratozoospermic population (P < 0.05) (Aran et al., 1999) . This fact could support the existence of an ICE on the sex chromosomes.
Previous to our report, two other papers investigating ICE showed an increased frequency of sex chromosome disomies in the spermatozoa of some of the t(13;14) carriers analysed Blanco et al. (1997) . (Vegetti et al., 2000; Morel et al., 2001) . Taken together, these results support the occurrence of an ICE on the sex chromosomes in some cases of Robertsonian translocation. Classical meiotic studies and synaptonemal complex studies in Robertsonian translocation carriers have reported a nonrandom association at prophase I between the trivalent, via the short arm regions of the non-fused chromosomes (which also carry the nuclear organizer regions), and the sex chromosomes in several males analysed (Luciani et al., 1984; Navarro et al., 1991) . These reports have also described the presence of prophases with several partially asynaptic bivalents, an anomaly also detected in male mice carriers of Robertsonian translocations (Grao et al., 1989) . Thus, the possible interference of the heterosynapsis (which are a rescue mechanism when anaphase is arrested; Saadallah and Hulte Ân, 1986) with the normal segregation of the XY bivalent could explain the increase of XY disomies observed. Moreover, asynaptic bivalents could induce the malsegregation of other chromosome pairs, not detected by the probes used. Furthermore, the inter-individual variations observed among the carriers studied could be related to speci®c characteristics of the rearranged chromosomes, for instance the well-known satellite polymorphisms (a-satellite heteromorphism) common in acrocentric chromosomes.
It is of note that carriers of Robertsonian translocations, while producing a high proportion of normal or balanced sperm, also produce very high proportion of abnormal embryos (ESHRE PGD Consortium Steering Committee, 2002; Sermon, 2002) . Furthermore, reduced pregnancy rates have been observed in translocation carriers enrolled in preimplantational genetic diagnosis cycles (ESHRE PGD Consortium Steering Committee, 2002) and have been suggested to be linked to cytogenetic abnormalities affecting chromosome pairs that are not routinely analysed in these patients, as has been recently shown in female carriers of Robertsonian translocation 13;14 (Pujol et al., 2003) . Whether this could be related to the abnormal segregation of other chromosome pairs (ICE) or to other factors still deserves further investigation, because it is a crucial factor in the reproductive future of these patients.
In conclusion, our results indicate that t(13;14) carriers have an homogeneous segregation pattern with a clearly preferential alternate segregation. However, it should be taken into consideration that certain variability among patients was observed and that the data presented demonstrate that in some carriers the trivalent could interfere with the normal segregation of the sex chromosomes. It would be interesting to follow-up these studies in an ever larger series of Robertsonian translocation carriers for the same reorganization, focusing on the segregation analysis but also on the occurrence of ICE, to shed more light on the meiotic behaviour in these individuals, and its ®nal outcome in the spermatozoa produced.
